Eid AH, Chotani MA, Mitra S, Miller TJ, Flavahan NA. Cyclic AMP acts through Rap1 and JNK signaling to increase expression of cutaneous smooth muscle ␣
COLD-INDUCED CUTANEOUS vasoconstriction, which is a protective physiological response to reduce heat loss, results from increased sympathetic nerve activity and a direct sensitizing effect of cold to amplify constriction to the sympathetic neurotransmitter norepinephrine (36) . This latter effect is mediated by a selective cold-induced increase in the reactivity of ␣ 2 -adrenoceptors (␣ 2 -ARs) located on cutaneous vascular smooth muscle cells (VSMCs) (10, 11, 13) . Although ␣ 2 -ARs comprise three subtypes (␣ 2A , ␣ 2B , and ␣ 2C ) (28) , only ␣ 2C -ARs appear to be regulated by cold (6, 20) . Moderate cooling stimulates the redistribution of ␣ 2C -ARs from the transGolgi, where they are normally retained, to the cell surface, where they can respond to agonist stimulation (2, 3, 20) . The direct sensitizing effect of cold on cutaneous VSMCs is increased in individuals with Raynaud's phenomenon and scleroderma, resulting in cold-induced vasospasm that is prevented by ␣ 2 -AR blockade (14) .
The expression of ␣ 2C -ARs is under dual regulation by cyclic AMP: gene transcription is inhibited by cyclic AMP acting through protein kinase A (PKA) but is selectively increased by cyclic AMP acting through the exchange protein directly activated by cAMP (EPAC) and Rap (7, 31) . The latter pathway predominates in cutaneous VSMCs, and elevations in cyclic AMP, e.g., in response to serum stimulation, forskolin, ␤-AR stimulation, or cholera toxin, are associated with a dramatic and selective increase in ␣ 2C -AR mRNA expression (7, 8) . The goal of the present study was to identify the signaling mechanisms responsible for this novel transcriptional response. In other cell types, Rap1 plays a prominent role in activating the extracellular signal-regulated kinase (ERK) signaling pathway, which contrasts with the inhibitory influence of PKA (5, 27, 35, 39) . Therefore, our initial hypothesis was that the ERK signaling pathway might contribute to the Rap1-induced transcriptional activation of ␣ 2C -ARs in VSMCs.
METHODS

Materials. 8-(4-
)-2Ј-O-methyladenosine 3Ј,5Ј-cyclic monophosphate or 8-pCPT-2Ј-O-Me-cAMP (CMC) was from Alexis (www.axxora.com), forskolin was from Sigma-Aldrich (www. sigmaaldrich.com), and H89 [N-[2-((p-Bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide], SP600125 (Anthra[1,9-cd]pyrazol-6(2H)-one 1,9-pyrazoloanthrone), and U0126 (1,4-Diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene) were from Calbiochem (www.emdbiosciences. com). CMC was dissolved in media, whereas forskolin was dissolved in DMSO (final concentration, 1 l/ml). The PKA inhibitor H89, the c-Jun NH 2-terminal kinase (JNK) inhibitor SP600125, and the MEK inhibitor U0126 were dissolved in DMSO (final concentration, 0.2 l/ml) and used at concentrations that act selectively to inhibit their respective enzyme systems (7, 12, 16, 34) . When the effects of these inhibitors were analyzed, DMSO (0.2 l/ml) was added to the control cells. In separate preliminary experiments, we demonstrated that DMSO (Յ1 l/ml) had no effect on the relevant assays. Unless stated otherwise, when inhibitors were used, they were incubated with the cells for 30 min before and then during the subsequent administration of the agonist.
The activator protein (AP)-1-luciferase reporter plasmid was from Stratagene (www.stratagene.com), MKK7 was a kind gift from Dr. Roger Davis (Howard Hughes Medical Institute, University of Massachusetts), the ␣2C-AR promoter-reporter plasmid (Ϫ1,915/ϩ5, relative to the transcription start site ϩ1) was a kind gift from Dr. Herve Paris (7, 8) , and pRL-CMV [Renilla luciferase gene driven by cytomegalovirus (CMV) promoter/enhancer] was purchased from Promega (www.promega.com). Constitutively active Rap 1A (Rap1CA) GTPase [amino acid number 63 glutamine (Q) mutated to glutamic acid (E); Rap 1A-63E] was kindly provided by L. A. Quilliam (Indiana University School of Medicine) (26) .
Antibodies to ERK1/2 (p44/42 mitogen-activated protein kinase) and phosphorylated ERK (Thr202/Tyr204), JNK and phosphorylated JNK (Thr183/Tyr185), and c-Jun and phosphorylated c-Jun (Ser73) were obtained from Cell Signaling Technologies (www. cellsignal.com). Antibody to total filamin was from US Biological (www. usbio.net), phosphorylated filamin-2 (Ser2113) was from Biosource (www.invitrogen.com), for calponin was from Sigma (www.sigmaaldrich. com), and for B-Raf was from Upstate (www.upstate.com). The custom antibody to ␣2C-AR was generated and characterized as previously described (2, 7, 8) . Primary antibodies were used at a dilution of 1:1,000, apart from total filamin, which was used at a dilution of 1:500.
Cell culture. Cutaneous VSMCs were cultured from human small cutaneous arteries and used between passages 9 and 12, as previously described (2, 7, 8) . The expression and regulation of ␣2C-ARs in these VSMCs is similar between passages 4 and 12 (8) . Although cultured VSMCs are phenotypically distinct from those present in the blood vessel media, they provide a useful model to assess relevant signaling processes. Indeed, an analysis of cultured VSMCs from cutaneous arteries has provided relevant insight into mechanisms regulating ␣2C-AR expression and function in cutaneous blood vessels (2, 3, 8, 9) . VSMCs were grown in Ham's Growth medium (DMEM, F12; 50:50) supplemented with 10% heat-inactivated FBS, L-glutamine, and an antibiotic/antimycotic cocktail. Cells were made quiescent in 0% or 0.5% serum for 72 h before the start of experiments. When the effect of the antagonists was analyzed, they were administered 30 min before an agonist and remained in contact with the cells during the agonist exposure.
Western blot analysis. Unless stated otherwise, cells were washed twice with phosphate-buffered saline and scraped into lysis buffer containing 2% SDS and 60 mM Tris (pH 6.8). After sonication, the lysate was centrifuged at 5,000 g for 10 min and the supernatant was analyzed for protein concentration (bicinchoninic acid; Pierce, Rockford, IL). Analysis of ␣ 2C-AR expression was performed using membrane preparations; VSMCs were suspended in homogenization buffer of (in mM) 50 Tris (pH 7.5), 1 EDTA, and 2 MgCl2 containing antiproteases [15.7 g/ml each of chymostatin, antipain, pepstatin; 57.7 g/ml leupeptin; and 250 g/ml 4-(2-aminoethyl)benzenesulfonyl fluoride] and homogenized on ice with a glass homogenizer using 30 strokes followed by centrifugation (500 g, 4°C, 10 min). The resulting supernatant was then spun at 40,000 g (1 h, 4°C) in an ultracentrifuge, the pellet was resuspended in homogenization buffer, and the protein concentration was determined. Equal protein amounts (20 to 40 g, depending on primary antibody) were separated using 10% SDS-PAGE, transferred to polyvinylidene difluoride membrane (Millipore), and incubated with the relevant primary antibody for 60 min at room temperature. After extensive washing, the membranes were incubated with the relevant secondary antibody (goat anti-rabbit or anti-mouse, 1:2,000 dilution; 1 h, room temperature). Blots were then developed using enhanced chemiluminescence and quantified using ImageQuant TL (Amersham Biosciences, www5.gelifesciences.com). For ␣2C-ARs, results from VSMCs were compared with those of human embryonic kidney 293 cells that had been transiently transfected with control plasmid (pcDNA3) or plasmid expressing ␣2C-ARs, as previously described (8) .
Mutagenesis. Site-directed mutagenesis was performed using mutant oligonucleotide primers and double-stranded DNA using the QuickChange XL site-directed mutagenesis kit (Stratagene, www. stratagene.com) following manufacturer recommendations. The wildtype AP-1 site (ATGATTCAT, Ϫ346/Ϫ338, relative to the transcription start site) in the ␣ 2C-AR promoter-luciferase reporter construct was mutated to ACTGTTTGT. The mutated construct (mutant) was characterized and confirmed by DNA sequencing.
Transient transfections. Cells were transiently transfected by nucleofection with the Amaxa Nucleofector (Amaxa Biosystems, Gaithersburg, MD) according to the manufacturer's instructions. Transfection was optimized to achieve an approximate 80% transfection efficiency, with minimal toxicity, achieved with a nucleofection of 400,000 cells with 4 g of nucleic acids (total amount of transfected DNA was kept constant by using appropriate empty plasmids). With the use of promoter-reporter constructs, pRL-CMV (Renilla luciferase driven by CMV immediate early enhancer/promoter; Promega) was used as an internal control to normalize the firefly luciferase units (7, 8) . Cotransfections were therefore performed using 3.4 g of firefly luciferase reporter plasmid (␣ 2C-AR promoter or AP-1 promoter), 0.001 g of pRL-CMV, and 0.6 g of MKK7, Rap1CA, or pcDNA3 (for a total of 4 g). After transfection, cells were allowed to recover overnight in Ham's growth medium. After aspiration of the growth medium, cells were washed thoroughly and maintained in serum-free media for 72 h before experimentation. When the effects of pharmacological inhibitors were analyzed, they were included in the culture media for the final 24 h. For luciferase analysis, cells were washed, lysed in luciferase lysis buffer (Promega), snap frozen, and then thawed at room temperature. Cell lysates were then spun down at 9,300 g for 10 min, and luciferase activity in the supernatant was determined.
Statistical analyses. Statistical evaluation of the data was performed by Student's t-test for either paired or unpaired observations. When more than two means were compared, either a oneway ANOVA with Dunnett's post hoc test or a two-way ANOVA with Tukey-Kramer's post hoc test (GraphPad InStat3 Software; San Diego, CA) was used. Data are presented as means Ϯ SE, where n equals the number of different cell culture experiments.
RESULTS
ERK signaling in cutaneous VSMCs.
In non-VSMCs, a major signaling role of Rap1 is the activation of the Raf/MEK/ ERK pathway (5, 27, 35, 39) . Although cyclic AMP signaling through PKA can inhibit this pathway by phosphorylating C-Raf (33, 38) , Rap1 can activate MEK/ERK signaling by stimulating B-Raf (5, 27, 35, 39) . In cutaneous VSMCs, forskolin (10 mol/l) increased the phosphorylation of ERK1/2, which peaked at 10 min and had declined to basal levels by 60 min (Fig. 1) . The forskolin-induced increase in ERK phosphorylation was not altered by the PKA inhibitor H89 (2 mol/l) at any time point (Fig. 1) . We previously demonstrated that H89 (2 mol/l) abolished the forskolininduced phosphorylation of the PKA substrate cyclic AMP response element blinding protein (CREB) (7) . In the present study, forskolin (10 mol/l; 10 min) also stimulated the phosphorylation of the PKA substrate filamin [PO 4 -filamin increased by 6.4 Ϯ 0.3-fold compared with that of untreated cells, n ϭ 3, P Ͻ 0.001; whereas total filamin remained unchanged at 0.9 Ϯ 0.1-fold, n ϭ 3, P ϭ not significant (NS)]. This effect was abolished by H89 (2 mol/l; after forskolin plus H89, PO 4 -filamin was 1.7 Ϯ 0.5-fold of untreated cells, n ϭ 3, P Ͻ 0.001 compared with forskolin alone and P ϭ NS compared with untreated cells; whereas total filamin remained unchanged at 0.9 Ϯ 0.1-fold, n ϭ 3, P ϭ NS; Fig. 1 ). The selective EPAC activator CMC (100 mol/l; 10 min) had no effect on the phosphorylation of filamin (PO 4 -filamin remained unchanged at 1.0 Ϯ 0.2-fold, n ϭ 4, P ϭ NS, as did total filamin at 0.8 Ϯ 0.1-fold, n ϭ 4, P ϭ NS; Fig. 1 ). In contrast, CMC (100 mol/l) increased the phosphorylation of ERK1/2, with a similar intensity and time course to that observed with forkolin (10 mol/l; Fig. 1 ). For example, after 10 min, CMC increased PO 4 -ERK by 8.6 Ϯ 0.9-fold (n ϭ 3), whereas forskolin increased PO 4 -ERK by 6.6 Ϯ 0.8-fold (n ϭ 4; total ERK remained unchanged at 0.9 Ϯ 0.3 and 0.9 Ϯ 0.1-fold, n ϭ 3 and 4, respectively). Transfection of cutaneous VSMCs with Rap1CA increased the phosphorylation of ERK (PO 4 -ERK increased by 2.6 Ϯ 0.4-fold, P Ͻ 0.05, n ϭ 3; whereas total ERK remained unchanged at 1.0 Ϯ 0.1, P ϭ NS, n ϭ 3).
JNK signaling in cutaneous VSMCs. Forskolin (10 mol/l) increased the phosphorylation of JNK, which had peaked by 10 min and had declined to basal levels by 60 min (Fig. 2) . The forskolin-induced increase in JNK phosphorylation was not affected by the PKA inhibitor H89 (2 mol/l; Fig. 2 ). The selective EPAC activator CMC (100 mol/l) also increased the phosphorylation of JNK with a similar intensity and time course to that observed with forkolin (10 mol/l; Fig. 2 ). For example, after 10 min, CMC increased PO 4 -JNK by 42.0 Ϯ 6.5-fold (n ϭ 3), whereas forskolin increased PO 4 -JNK by 24.9 Ϯ 3.4-fold (n ϭ 4; total JNK remained unchanged at 1.2 Ϯ 0.1 and 1.0 Ϯ 0.1-fold, respectively). Transfection of cutaneous VSMCs with Rap1CA increased the phosphorylation of JNK (Fig. 3) .
Consistent with the activation of JNK, forskolin (10 mol/l) increased the phosphorylation of c-Jun (Fig. 4) , a component of the AP-1 transcription factor. The increase in c-Jun phosphor- Fig. 2 . Effect of FSK (10 mol/l), in the absence (top bars) and presence (bottom bars) of the PKA inhibitor H89 (2 mol/l) on JNK phosphorylation in human cultured cutaneous VSMCs. Cells were harvested 5, 10, 20, and 60 min after addition of FSK, and cell lysates were assessed for total and phosphorylated JNK using Western blot analysis. Top: representative blot demonstrating effect of FSK (10 mol/l), in the presence and absence of H89 (2 mol/l), or CMC (100 mol/l) on levels of phospho-JNK or total JNK 10 min after administration of the agonists. When present, H89 was administered 30 min before and during exposure of the cells to FSK. FSK or CMC increased phosphorylation of JNK that was sustained for at least 20 min but had returned to basal levels by 60 min. H89 did not influence the response to FSK at any time point. The results are expressed as fold increase from time 0 and are presented as means Ϯ SE for n ϭ 4 different cell culture experiments. *Significantly different from control; *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. Fig. 1 . Effect of forskolin (FSK; 10 mol/l), in the absence (top bars) and presence (bottom bars) of the PKA inhibitor H89 (2 mol/l), on ERK1/2 phosphorylation in human cultured cutaneous vascular smooth muscle cells (VSMCs). Cells were harvested 5, 10, 20, and 60 min after addition of FSK, and cell lysates were assessed for total and phosphorylated ERK using Western blot analysis. Top: representative blots demonstrating effects of FSK (10 mol/l; in the presence and absence of H89 at 2 mol/l) or 8-pCPT-2Ј-O-Mecyclic AMP (CMC; 100 mol/l) on levels of phospho-ERK1/2 or total ERK1/2 (left) and on levels of phospho-filamin (Fil) or total Fil (right) 10 min after administration of the agonists. When present, H89 was administered 30 min before and during exposure of the cells to FSK. FSK or CMC increased phosphorylation of ERK1/2 that was sustained for at least 20 min but had returned to basal levels by 60 min. H89 did not influence the response to FSK at any time point. The results are expressed as fold increase from time 0 and are presented as means Ϯ SE for n ϭ 4 different cell culture experiments. *Significantly different from control; *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. C, control. ylation was abolished by the JNK inhibitor SP600125 (3 mol/l; Fig. 4) .
AP-1 and Rap1-mediated induction of ␣ 2C -ARs. Transfection of cutaneous VSMCs with Rap1CA caused the activation of an AP-1 reporter construct, and this effect was inhibited by SP600125 (3 mol/l; Fig. 5 ). Rap1CA also increased the transcriptional activity of an ␣ 2C -AR promoter-reporter construct that was inhibited by the JNK inhibitor SP600125 (3 mol/l) but not by the MEK inhibitor U0126 (10 mol/l; Fig. 6 ). Transfection of cutaneous VSMCs with MKK7, an upstream activator of JNK, also increased ␣ 2C -AR promoter activity (2.25 Ϯ 0.23-fold increase, n ϭ 5, P Ͻ 0.01).
The ␣ 2C -AR promoter contains an AP-1 consensus binding site located at Ϫ346/Ϫ338 (relative to the transcription start site) (32) . Mutation of this site from ATGATTCAT to ACTGTTTGT prevented the increase in ␣ 2C -AR transcription in response to Rap1CA (Fig. 6) .
Forskolin (10 mol/l) or CMC (100 mol/l; 16 h) increased the expression of the ␣ 2C -AR protein in cutaneous VSMCs, which was inhibited by SP600125 (3 mol/l). Forskolin (10 mol/l; 16 h) increased the receptor expression by 4.7 Ϯ 1.4-fold (n ϭ 3, P Ͻ 0.05) under control conditions but had no effect in the presence of SP600125 (3 mol/l; 1.2 Ϯ 0.1-fold, P ϭ NS; Fig. 7 ). Likewise, CMC (100 mol/l; 16 h) increased the receptor expression by 2.2 Ϯ 0.1-fold (n ϭ 3, P Ͻ 0.001) under control conditions but had no effect in the presence of SP600125 (3 mol/l; 0.6 Ϯ 0.1-fold; P ϭ NS).
DISCUSSION
Cold-induced cutaneous vasoconstriction is mediated in part by an increased ability of ␣ 2C -ARs to initiate VSMC contraction. In mouse cutaneous arteries, constriction to ␣ 2 -AR stimulation at warm temperatures is mediated by ␣ 2A -ARs, with no apparent contribution from ␣ 2C -ARs, whereas during cold exposure, the augmented ␣ 2 -AR response is mediated entirely by ␣ 2C -ARs (6, 19) . Cold sensitivity of ␣ 2C -ARs is not mediated by the increased expression of the receptors but rather by the cold-induced mobilization of ␣ 2C -ARs from the transGolgi network to the cell surface where they can respond to stimulation (2, 3, 6, 20) . In the present study, we demonstrate that the expression of ␣ 2C -ARs in cutaneous VSMCs can be increased by a novel cyclic AMP/Rap1/JNK/AP-1 signaling pathway, which increases ␣ 2C -AR gene transcription (Fig. 8) . By increasing the available pool of ␣ 2C -ARs for cold-induced mobilization, activation of this novel signaling pathway may contribute to increased cold-induced vasoconstriction, e.g., in individuals with Raynaud's phenomenon and scleroderma.
Although generally associated with the activation of PKA, cyclic AMP can regulate other important components of cellular signaling, including Rap1, a member of the Ras family of small GTP-binding proteins (5, 27, 33, 35, (37) (38) (39) . Activation of Rap1 by cyclic AMP is achieved by the binding of cyclic AMP to EPAC proteins, which function as G protein exchange factors for Rap1. The role of Rap1 in VSMCs remains relatively unexplored. We demonstrated that the activation of Rap1 by an elevation in cyclic AMP was responsible for the transcriptional activation and increased expression of ␣ 2C -ARs in cutaneous VSMCs in response to serum stimulation of these cells (7) . Interestingly, although PKA can suppress the transcriptional activ- ity of the ␣ 2C -AR gene, this role appears to be silenced in these VSMCs and the excitatory role of Rap1 predominates (7) (Fig. 8) . In other cell types, a major signaling role of Rap1 appears to be the regulation of the Ras/Raf/MEK/ERK signaling pathway (5, 27, 35, 37, 39) . Cyclic AMP signaling through PKA can inhibit this pathway by phosphorylating C-Raf (33, 38) . Although the cyclic AMP-dependent activation of Rap1 may also contribute to C-Raf inhibition, Rap1 can activate MEK/ERK signaling by stimulating BRaf activity (5, 27, 35, 39) . B-Raf has higher activity toward MEK than C-Raf and may be the preferred physiological activator (27) . Indeed, Rap1 activation leads to sustained ERK activation or acts synergistically with Ras-dependent signaling to convert transient to sustained ERK stimulation (1, 4, 15, 22, 25, 27, 29, 39) . The expression of B-Raf in cells is therefore thought to determine whether cyclic AMP will activate (Rap1) or inhibit (PKA) ERK signaling (5, 27, 35, 39) . In previous analyses of VSMCs, cyclic AMP was reported to reduce signaling through the Raf/MEK/ERK pathway (21, 23, 30) . This likely reflects a low expression of B-Raf (24) and a predominance of a PKA-dependent inhib- Fig. 5 . Effect of Rap1CA on the activity of an activator protein (AP)-1 reporter construct. Cells were transfected with the reporter construct, an internal renilla control construct, and either Rap1CA or the control plasmid (pcDNA3, included in C and SP groups) as described in METHODS. Cells were harvested 72 h later, and cell lysates were assessed for luciferase activity. Rap1CA increased the activity of the AP-1 reporter, which was inhibited by SP. The results are expressed as fold increase in the firefly (FF)/Renilla fluorescent signal from the control level and are presented as means Ϯ SE for n ϭ 4 different cell culture experiments. ***Significantly different from control, P Ͻ 0.001; #significantly different from effect of Rap1 in the absence of SP, P Ͻ 0.05. Fig. 6 . Analysis of the effects of Rap1CA on the activity of the ␣2C-adrenoceptor (AR) promoter. Cells were transfected with an ␣2C-AR reporter construct [wild-type (WT) or AP-1 binding site mutant], an internal renilla control construct, and either Rap1CA or the control plasmid (pcDNA3, -) as described in METHODS. Rap-1CA increased the activity of the WT ␣2C-AR promoter, and this effect was significantly reduced by the JNK inhibitor SP (3 mol/l) but not by the MEK inhibitor U0126 (10 mol/l). Rap-1CA did not alter the activity of the ␣2C-AR promoter following mutation of the AP-1 binding site. The results are expressed as fold increases in the FF/Renilla fluorescent signal from the control level and are presented as means Ϯ SE for n ϭ 3 to 5 different cell culture experiments. *Significantly different from untreated pcDNA3 control; *P Ͻ 0.05; ***P Ͻ 0.001; #significantly different from effect of Rap1CA on untreated WT ␣2C-AR promoter; #P Ͻ 0.05; ##P Ͻ 0.01. ␣2C-ARs comprise multiple molecular mass species, which is also reflected in the representative blot for human embryonic kidney (HEK)293 cells that were transiently transfected with control plasmid (-) or plasmid expressing ␣2C-ARs. Prominent ␣2C-AR-specific bands of ϳ70 kDa and ϳ100 kDa are expressed in HEK293 and VSMCs. The ϳ70 kDa species is the form retained in the transGolgi and translocated in response to cold exposure (Refs. 2, 3, and 20) . It has been the species that we have focused on in previous studies and was the species quantified in the bar graph. Similar results were obtained if the quantification was extended to the other receptor species. The physiological relevance of the other ␣2C-AR species has not been determined. Western blot for calponin (vascular smooth muscle) or Fil (HEK293) were performed on the same cell lysates as those used for ␣2C-AR blots.
itory signaling in these large artery, noncutaneous VSMCs. Indeed, the expression of B-Raf in the cutaneous VSMCs used in the present study was 6.6-fold higher than its expression in human aortic VSMCs (data not shown). Interestingly, although serum and cyclic AMP elevation increased the expression of ␣ 2C -ARs in cutaneous VSMCs, this does not occur in aortic VSMCs (7, 8) . Elevation in cyclic AMP in response to forskolin caused a powerful and prolonged activation of ERK signaling in these cutaneous VSMCs. This response was not affected by the PKA inhibitor H89 (2 mol/l), a concentration that abolished the forskolin-induced phosphorylation of the PKA substrates filamin and CREB in these cells (7) . ERK activation was also observed using the selective EPAC activator CMC. Therefore, these results confirm findings from non-VSMCs that Rap activity can initiate signaling through the ERK pathway. However, the Rap1-dependent activation of ␣ 2C -AR transcription was unaffected by the inhibition of ERK signaling using the MEK inhibitor U0126. This is consistent with our previous unpublished observations that the cyclic AMP-dependent induction of ␣ 2C -ARs is unaffected by the MEK inhibitor PD-98059 (3 to 30 mol/l). These results therefore suggested that cyclic AMP and Rap1 utilize an alternate signaling pathway in cutaneous VSMCs to increase transcription of ␣ 2C -ARs.
Forskolin also increased the phosphorylation of JNK, with a time course that was similar to ERK activation. This response was also not influenced by the PKA inhibitor H89 (2 mol/l) and was mimicked by CMC. Although a previous report suggested that EPACs could act independently of Rap to activate JNK (18), Rap1 can activate JNK signaling indirectly through a src-and Rac-dependent pathway (17) . In the present study, Rap1CA increased the phosphorylation of JNK in cutaneous VSMCs. Therefore, Rap1 can initiate signaling through JNK in these cells. A major signaling pathway activated by JNK is the phosphorylation of c-Jun and assembly of the AP-1 transcription factor. In the present study, JNK phosphorylation was associated with the increased phosphorylation of c-Jun, which was inhibited by the JNK inhibitor SP600125. Likewise, Rap1CA caused the activation of an AP-1 promoter-reporter construct that was also inhibited by SP600125. A potential role for JNK in ␣ 2C -AR transcription was evident from the increased activity of an ␣ 2C -AR promoter-reporter construct following the transfection of VSMCs with MKK7, an upstream kinase for JNK activation. Indeed, the Rap1CA-induced activation of the ␣ 2C -AR promoter-reporter construct was inhibited by the JNK inhibitor SP600125. Schaak et al. (32) identified an AP-1 binding site in the promoter region of the human ␣ 2C -AR (Ϫ346/Ϫ338, relative to transcription start site), although its functional activity was never assessed. Mutation of this site prevented the Rap1CA-induced activation of ␣ 2C -AR promoter-reporter construct and the increase in transcription, confirming that the transcriptional activation was mediated by AP-1 signaling. The Rap1-mediated increase in ␣ 2C -AR transcriptional activity was paralleled by the increased protein expression of the ␣ 2C -AR. Incubation of cutaneous VSMCs with forskolin or the selective EPAC activator CMC increased ␣ 2C -AR protein expression that was significantly reduced by the JNK inhibitor SP600125.
␣ 2C -ARs in cutaneous arteries are functionally silent under normal conditions (6, 19) , and constriction to ␣ 2 -AR stimulation in mouse tail arteries is mediated exclusively by ␣ 2A -ARs at warm temperatures (6) . However, in response to cold exposure, these receptors are no longer silent and ␣ 2C -ARs mediate the cold-induced increase in vasoconstriction to ␣ 2 -AR activation (6) . The cold-induced functional rescue of ␣ 2C -ARs results from a cold-induced translocation of ␣ 2C -ARs from the transGolgi to the cell surface (2, 3, 20) (Fig. 8) . When the VSMC expression of ␣ 2C -ARs is increased, the constrictor activity of ␣ 2 -ARs is unaffected at warm temperatures but dramatically increased during exposure to cold, increasing cold-induced constriction in cutaneous arteries (9) . This suggests that the increased expression of ␣ 2C -ARs augments the pool of receptors available for cold-induced mobilization to the cell surface, resulting in a selective increase in the cold-induced amplification of sympathetic constriction. The present study has identified a novel cyclic AMP/Rap1/JNK/AP-1 signaling pathway in cutaneous vascular smooth muscle that enables the increased expression of ␣ 2C -ARs (Fig. 8) . Activation of this pathway in response to physiological stimuli or following vascular injury may contribute to the increased cold-induced vasoconstriction in the cutaneous circulation.
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